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The critical role of intragap states in the energy
transfer from gold nanoparticles to TiO2†
Alberto Naldoni,*a Filippo Fabbri,b Marco Altomare,‡c Marcello Marelli,a
Rinaldo Psaro,a Elena Selli,c Giancarlo Salviatib and Vladimiro Dal Santo*a
Cathodoluminescence spectroscopy is profitably exploited to study
energy transfer mechanisms in Au and Pt/black TiO2 heterostructures.
While Pt nanoparticles absorb light in the UV region, Au nanoparticles
absorb light by surface plasmon resonance and interband transitions,
both of them occurring in the visible region. The intra-bandgap states
(oxygen vacancies) of black TiO2 play a key role in promoting both hot
electron transfer and plasmonic resonant energy transfer from Au
nanoparticles to the TiO2 semiconductor with a consequent photo-
catalytic H2 production increase. An innovative criterion is introduced
for the design of plasmonic composites with increased eﬃciency
under visible light.
Introduction
The urgent need to provide methods for eﬃcient conversion of
solar light into electricity (i.e., photovoltaics) and solar fuels
(i.e., photocatalysis and photo-electrochemistry) has triggered the
development of more eﬀective approaches to exploit semiconductor
metal oxides.
In particular, the progress rapidly gained in the field of
plasmonics has paved the way for the fabrication of devices
with enhanced eﬃciency.1–4 For instance, the modification of
semiconductors with metals (e.g., Au or Ag nanostructures) was
shown to increase the efficiency of solar cells by 10–15% and to
improve the photocatalytic activity in both water splitting
reactions and decomposition of organic molecules.4
Besides the physical benefits derived from the use of metal
nanostructures, such as the extension of visible light absorption
and light scattering amplification, plasmonic interactions (PIs)
such as electron and energy transfer from the surface plasmon
resonance (SPR) of metals to the semiconductor electronic
structure play a major role.2,3 In addition, recent reports have
shown that gold interband transitions (more energetic than
plasmons, i.e. Einterband = 2.5 eV) may also have a significant role
in below bandgap sensitization of semiconductors.5,6
Hot electron transfer (plasmonic or due to interband transitions)
from metals to the conduction band (CB) of several metal oxides
(SrTiO3,
5 TiO2,
7–9 CeO2,
10,11 and ZnO12) has been observed and
accounted for their increased photoactivity. In addition, plasmonic
resonant energy transfer (PRET) can occur from the electromagnetic
field generated at the surface of metal nanostructures to semi-
conductors having a bandgap resonant with the SPR band (i.e.,
a-Fe2O3, Cu2O, and N-doped TiO2).
13–19 PRET allows increased
separation of photogenerated charges at the semiconductor/
metal interface, thus being a powerful tool toward the engineering
of a novel generation of optoelectronic devices.
Considering wide-bandgap semiconductors (i.e., TiO2), the
presence of intragap energy levels related to defects can play a
significant role in PRET promotion. For example, water splitting
photoanodes based on N-doped TiO2 showed enhanced photo-
current behavior induced by PRET.17,18 N-doping introduces intra-
bandgap levels above the TiO2 valence band that can resonate with
the electromagnetic field, generated by SPR, propagating from the
metal surface. The electromagnetic field is then able to promote
charge carrier generation from N-related levels to the TiO2
conduction band (where they participate in proton reduction),
thus increasing the photoconversion eﬃciency.17,18 Nevertheless,
N-doping is quite specific for TiO2 and cannot be considered a
design criterion extendible to a large family of oxides.
On the other hand, oxides in their native form contain point
defects (e.g., oxygen vacancies and interstitial metal atoms) that
profoundly influence their properties. In this regard, oxygen
vacancies (VOs) are most interesting; their concentration tuning
20
can be exploited in a variety of functional materials ranging from
photocatalysts,21 electrodes for fuel cells22 and Li-ion batteries23
to strongly-correlated materials (e.g., cuprates, manganites, and
cobaltites) used for their superconductivity or magneto-resistive
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behavior.24 Moreover, VOs-related electronic levels, lying below
the CB, can provide relevant interactions with additional charges
generated by excitation of metal nanoparticles (NPs).
However, to the best of our knowledge, despite the relevance
of VOs, their role in hot electron transfer and in PRET has never
been studied before. In this work we investigate the interactions
between the plasmonic modes and interband transitions of Au
nanoparticles and the electronic structure of black TiO2
21 by
means of cathodoluminescence (CL) spectroscopy.25–27 The aim
of the study is twofold: on the one hand we highlight the effect of
VOs intragap states on the energy transfer (electron and energy)
from Au NPs to TiO2; on the other hand we discern the
contribution of carrier generated plasmons and gold interband
transition excitation to photoacatalytic hydrogen production by
methanol photo-steam reforming.
Results and discussion
Fig. 1 shows the morphological features of a single core–shell
black TiO2 NP – the defective crystalline core (Fig. 1a and b),
and the disordered, i.e., amorphous, yet stoichiometric shell
(Fig. 1a and c).21 The latter has a thickness of 1.5 nm, as shown
by the line profile obtained by the HRTEM image shown in
Fig. 1d. The lattice distance for black TiO2 is 0.343 nm (Fig. 1d),
while for P25 it corresponds to 0.347 nm. Such values can be
assigned to the anatase (101) reflection since the reciprocal
angle between the (101) and (004) reflections (the FFT image
reported in Fig. 1b) is 671. The contraction of the (101) lattice
distance highlights that the introduction of VOs in the TiO2
lattice induces a reduction of the interplanar distance at the
local scale.21 It is interesting to note that differently from black
TiO2 (Fig. 1a) the boundaries of the P25 crystallite (Fig. 1e) are
very well defined, showing the morphological difference
between P25 (reference) and black TiO2. The straightforward
reduction of the commercial amorphous TiO2 produces a
highly defective material, containing ca. 5% of VOs and showing
an intense absorption of visible light.21
Black TiO2 NPs were modified with Au and Pt NPs through a
wet deposition procedure described elsewhere.28 We chose to
deposit Pt and Au in order to compare NPs showing SPR in
diﬀerent energy ranges. In fact, Pt SPR peaks above the TiO2
bandgap, while Au plasmon can resonate with intragap states
of defective titania. SPR of Pt falls in the UV rather than in the
visible region and it is usually diﬃcult to observe because it
overlaps with the intense oxide bandgap absorption. Pt does
not have the optimum cross section and non-radiative plasmon
deactivation eﬃciency shown by Au or Ag. Nevertheless, the Pt
SPR was observed in many diﬀerent nanostructures.29–33
We first focus on samples modified with Au NPs. TEM and
STEM images of Au/P25 (Fig. 2a and b) and Au/black TiO2
(Fig. 2f) show that the metallic NPs have a homogeneous size
and are well dispersed over the surface of the semiconductor. In
particular, high resolution TEM images (Fig. 2e) clearly show that
gold nanoparticles form an interface only with the amorphous
layers of black TiO2, and do not come into contact with the
crystalline core. P25, having a phase composition almost identical
to that of black TiO2, was chosen as the referencematerial.
21 Fig. 2c
and g represent the UV-Vis absorption features of the P25 and black
TiO2 composites, respectively. Black TiO2 has a strong absorption
in the 400–800 nm region caused by the presence of VOs in its
crystalline lattice. The deposition of Pt NPs on P25 did not
introduce any new features in the wavelength range investigated
herein, while, for black TiO2, light scattering in the visible region
notably increased.
Both Au/P25 and Au/black TiO2 show absorption in the
400–500 nm range related to Au interband transitions occurring
at the X-point of the Brillouin zone.5,6 On the other hand, the
SPR band is due to the collective oscillation of surface electrons
in Au NPs and its characteristics (lmax and full width at half
maximum, i.e., FWHM) are directly related to the NP size
distribution.1–4 Fig. 2d shows the SPR bands having lmax =
548 nm and 546 nm (ca. 2.3 eV) for P25 and black TiO2,
respectively. The FWHM appears to be very similar for both
samples, pointing out that Au NPs with comparable sizes were
Fig. 1 (a) HRTEM image of a black anatase TiO2 nanocrystal. FFT and
reconstructed images of (b) the crystalline core and (c) the boundary
area including both the core and the disordered shell. (d) The line profile
across the area marked in red in panel (a), showing the lattice distance of
the core and the disordered shell thickness taken along the [010] direction.
(e) HRTEM micrographs of a P25 nanocrystal with superimposed line
profile across all the nanocrystal width. (f) The line profile across the area
marked in red in panel (e), showing the lattice distance that characterizes
the entire nanocrystal.
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most likely deposited onto both P25 and black TiO2. The size
distributions of Au NPs from STEM analysis (Fig. 2h) are indeed
centered at around 3.5 (P25) and 3.2 nm (black TiO2).
The small size of Au NPs ensures a high light absorption/
scattering ratio (scattering becomes predominant for the Au NP size
larger than 50–100 nm) and a short plasmon dephasing time.1–4
Black TiO2 generally exhibits a lower activity in photocatalytic
H2 production than P25-based photocatalysts (see Table S1,
ESI†). This trend can be explained considering the CL spectra
of the two supports (Fig. S2, ESI†). CL spectra of both P25 and
black TiO2 consist in a broad band composed of three diﬀerent
components peaking at 2.63, 2.36 (both related to VO intragap
states) and at 2.77 eV, the latter ascribed to the self-trapped
exciton.19
The higher intensity of VO-related emissions in the spectrum
of black TiO2 directly reflects the higher VOs concentration, while
the more intense emission of black TiO2 self-trapped exciton is
due to its largely distorted structure and to the disordered shell.
The location of VOs in black TiO2 (i.e., localized in the core of the
nanocrystals)21 plays a crucial role in determining its photo-
catalytic activity. In fact, the charge carriers generated in the bulk
(core) of the semiconductor upon irradiation tend to recombine
with high probability because of the large amount of VOs.
Nevertheless, the carriers that do not thermalize might also
experience a strongly reduced mobility through the disordered
shell, which likely hinders their diﬀusion toward the surface.34
Such a structural feature produces a discontinuity in the electro-
nic structure of black TiO2, resulting in the formation of an
additional interface and in charge recombination occurring at a
larger extent with respect to P25. The deposition of Au and Pt NPs
on TiO2 samples induced a one order of magnitude enhancement
in the rate of photocatalytic H2 production compared to that
measured for the bare oxides (Fig. 3(a) for black TiO2 and
Fig. S3, ESI† for P25). In any case, hydrogen as well as CO2 and
CO evolution occurred at a constant rate during H2 production,
as shown in previous studies.35,36
Interestingly, for both supports, the deposition of Au NPs led
to higher H2 production rates compared to Pt NPs. These
results are in apparent contrast with a recent report showing
an opposite trend for stoichiometric monophasic (100% anatase)
TiO2.
36 In this case, the better performance of Pt/TiO2 was
attributed to the greater ability of Pt, with respect to Au, in
acting as an electron sink, therefore limiting the electron–hole
recombination to a larger extent.36
The higher photoactivity of Au/TiO2 samples observed here
can be imputed to diﬀerent factors, which are, namely, (i) the
presence of rutile in both P25 and black TiO2 (80% anatase –
20% rutile);21 (ii) a peculiar band alignment due to the presence
of oxygen vacancies, (iii) the interaction of gold interband
transition with defective TiO2
5 and (iv) the possible PIs generated
by the interplay between Au NPs and TiO2. TEM analysis provided
clear evidence that anatase and rutile clusters grow separately in
different black TiO2 crystallites.
21 Au NPs with diameterso5 nm
located at the anatase/rutile interface of P25 TiO2 particles have
been already shown to be active sites for plasmonic photocatalysis
under visible-light irradiation.7 In spite of this, Au/P25 presents
only a 5% increase in the rate of photocatalytic H2 production
under full Xe lamp irradiation compared to Pt/P25. In contrast,
black TiO2 shows a 33% enhancement when coupled with
Au NPs rather than Pt NPs. For this reason, considering the
Au/black TiO2 system, the anatase–rutile phase composition
cannot be the only factor responsible for the observed photo-
activity enhancement. The high concentration of VOs appears
to produce a better photoproduced charge stabilization in Au
Fig. 2 TEM and STEM images of (a, b) Au/P25 and (e, f) Au/black TiO2. Diﬀuse reflectance UV-vis spectra for (c) P25 (black line), Pt/P25 (blue line), and
Au/P25 (red line); (g) black TiO2 (black line), Pt/black TiO2 (blue line), and Au/black TiO2 (red line). (d) The SPR absorption band and (h) Au NPs size
distribution obtained from frequency counts on STEM images for Au/P25 and Au/black TiO2.
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containing photocatalysts accounting for the higher activity
measured under full Xe lamp irradiation.
Under these irradiation conditions metal nanoparticles have
a dual role: UV light produces TiO2 bandgap excitation promoting
the electron flow toward the metal (acting as an electron sink),
while visible light induces both Au interband transitions and
plasmon excitation.
In order to better understand the photoresponse enhancement
observed in Au/black TiO2, photocatalytic hydrogen production
experiments were performed employing diﬀerent cut-oﬀ filters
(with 385, 400, and 550 nm cut-oﬀ wavelengths) (Fig. 3b).
H2 production measured using the 385 nm cut-oﬀ filter is
mainly due to bandgap excitation and is poorly informative
on the mechanism driven by Au NP excitation. Diﬀerently,
under irradiation with visible light only (using a 400 nm cut-
oﬀ filter), while no H2 was detected when testing bare black
TiO2, a H2 production rate of 220 mL h
1 gcat
1 was measured
for Au/black TiO2, which is ca. 360% enhancement if compared to
the results obtained for Pt/black TiO2 under the same experimental
conditions (against the 33% increase observed under unfiltered full
lamp light). Under such conditions, bandgap excitation is almost
totally suppressed, highlighting the importance of possible Au
interband transitions and plasmonic excitation in photocatalytic
H2 production.
By applying a 550 nm cut-oﬀ filter the SPR band was selectively
excited, while excluding the more energetic (500–520 nm) interband
transitions.5,6 The results shown in Fig. 3b demonstrate that under
these conditions the H2 production was 25% of that obtained in
400 nm cut-off filter experiments. The apparent quantum yield was
0.0023 and 0.0016% in experiments using the 400 nm and 550 nm
filters, respectively. These findings seem to confirm the existence of
interband transitions but still remarks that a certain amount of H2 is
produced as a consequence of PIs between Au NPs and black TiO2.
In order to disentangle the interactions between Au NPs and
the TiO2 electronic structure that determine the photoactivity
trend, we investigated the samples by performing CL spectro-
scopy. CL spectroscopy is able to electronically excite Au
nanostructures, thus oﬀering a unique tool to investigate their
interactions with semiconductors.26,27,37 Fig. 4 highlights that
the luminescence intensity depends on the deposited metal
(either Pt or Au) (see also Table 1), rather than on the support as
such (P25 and black TiO2). In addition to these general findings,
some peculiar features can be appreciated when the CL spectra
are deconvolved and more carefully examined. Pt NPs induce a
dramatic quenching of the CL intensity over the entire range of
Fig. 3 H2 production rates obtained using the black TiO2 photocatalysts
in photocatalytic methanol steam reforming under (a) full lamp irradiation,
(b) irradiation with diﬀerent cut oﬀ filters: l 4 385 nm, l 4 400 nm, and
l 4 550 nm.
Fig. 4 CL spectra of (a) P25 and (b) blackTiO2. Bare TiO2 (black line), Pt/
TiO2 (blue line), and Au/TiO2 (red line).
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analyzed energies, while the deposition of Au produces a strong
emission enhancement. In the case of Pt, the luminescence
quenching is due to the better separation of electron–hole pairs
generated by the electron beam.38 This behavior closely resembles
the results obtained by others using photoluminescence spectro-
scopy.39 Differently, in the case of Au/TiO2, the enhancement of the
CL signals is ascribed to an increased density of charge carriers that
recombine through radiative pathways. The increase of the CL
intensity consequent to Au deposition (Fig. 4) is related to inter-
actions between the Au-generated carriers and the TiO2 electronic
structure. Metal–semiconductor interactions can be classified as:
(a) PRET, which would occur between the electromagnetic field,
generated by SPR, and the resonant electronic levels of TiO2; (b) hot
electron transfer, consisting in the formation of excited electrons
that can overcome the Schottky barrier (from interband transitions
or SPR) and can be transferred to the TiO2 CB; and (c) thermally
excited electron transfer to the TiO2 CB.
7–18
We rule out pathway (c) since this process, being related to a
significant localized heating, was already shown elsewhere to
be negligible under experimental conditions similar to those of
our experiments.40
In order to gain more insights into the role of the electronic
levels in CL enhancement (and therefore on photocatalytic H2
production) shown by Au/TiO2, we consider the integrated CL
intensity measured for black TiO2 and P25, reported in Table 1
(also see deconvolved spectra in Fig. S4, ESI†). The CL intensity
of the self-trapped exciton component (2.77 eV) presents a 75%
increase, when passing from pristine P25 to Au/P25. This can
be due to two main mechanisms: (i) the increased charge
recombination occurring at the new Au/TiO2 interface and
(ii) the injection of hot electrons from Au NPs into the CB of
P25. It is worth noting that a rather diﬀerent trend is observed
for black TiO2 where a modest quenching was recorded.
Interestingly, CL bands related to radiative emission from
the VO states (peaking at 2.62 and 2.36 eV) are more intense in
the presence of plasmonic Au NPs. These results suggest that
intragap electronic states related to VOs (Fig. 5) are directly
involved in the transfer of hot electrons that originate mainly, as
highlighted by cut-oﬀ filter experiments, by interband transitions of
Au NPs. Noteworthily, if to a minor extent, excited carriers can also
originate from SPR absorption. In addition, an energy transfer by
PRET can also be operative since the largest increase of CL
emission was recorded at energies corresponding to VO states at
2.36 eV, i.e., at energies for which the Au NPs exhibit SPR.
Therefore, the enhanced visible-light photoresponse of Au/black
TiO2 with respect to the Pt-loaded photocatalyst can be imputed
both to PRET and hot electron transfer that are able to excite
electrons from the valence band to VO intragap states and,
subsequently, to the TiO2 CB where they can participate in the
H2 evolution reaction.
41
Conclusions
In conclusion, we have reported on the use of cathodoluminescence
spectroscopy as a unique approach to excite gold electronic
transition and study the interactions with intragap state level
of semiconductors. In particular, we have investigated composite
materials made of Au and Pt nanoparticles deposited on the
surface of P25 TiO2 and core (highly defective)–shell (stoichio-
metric) black TiO2 nanocrystals.
The peculiar electronic structure and morphological features
of black TiO2, i.e. the high oxygen vacancy concentration,
allowed us to address and correlate the role of the Au interband
and SPR transitions in the photocatalytic production of H2.
Moreover, for the first time, the critical role of intra-bandgap
electronic levels of black TiO2 related to the oxygen vacancy in
the selective photogenerated charge population due to Au nano-
particles was pointed out.
The described metal–semiconductor interactions involving
oxygen vacancies represent a general and innovative criterion
that can be exploited in a wide range of technologically relevant
applications such as water-splitting devices, solar cells, sensors,
and development of analytical tools.
Acknowledgements
The kind assistance of Dr F. Riboni and Dr M. V. Dozzi in
performing photoreforming experiments is gratefully acknowledged.
We gratefully acknowledge financial support from the Italian Min-
istry of Education, University and Research (MIUR) through the FIRB
project ‘‘Oxides at the nanoscale: multifunctionality and applica-
tions’’ (RBAP115AYN), and from Regione Lombardia through the
Table 1 Integrated intensity of each components considered in the
deconvolution of CL spectra for black TiO2, Au/black TiO2, P25, and Au/P25
CL component Black TiO2 Au/Black TiO2 P25 Au/P25
2.77 eV 1975 1383 919 2253
2.62 eV 2224 3363 1284 1500
2.36 eV 4071 8045 2616 5200
Fig. 5 Schematic representation of the Schottky barrier formation at the
n-type semiconductor/metal interface. EC = minimum energy for the TiO2
CB, EV = maximum energy for the TiO2 valence band, ED = donors’ (i.e.,
VOs) energy level, Eg = bandgap, EF = Fermi level, FSB = Schottky barrier
height. In addition, the scheme shows the transfer of Au hot electrons due
to SPR excitation or interband transitions and highlights that the PRET
mechanism also occurs for Au/black TiO2.
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